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Abstract. Main aim of this work is to explore the suitabil-
ity of high resolution SAR images for measuring ice flow
velocity within glaciers. Available techniques for this pur-
pose are Differential SAR Interferometry (DInSAR) and Off-
set Tracking. The former, although theoretically much more
precise, is frequently limited by coherence loss (or lacking
of coherence) in glacier environment. The latter constitutes
an alternative that works well when displacements are large.
Study area is the Viedma Glacier (Santa Cruz, Argentina),
one of the largest uncovered ice bodies in the South Patago-
nian Ice (SPI). High resolution COSMO-SkyMed (CSK) ac-
quisitions were processed by estimating range and azimuth
offset fields. Useful results, consisting in displacement maps
showing areas with different fast-flowing units, were ob-
tained by Offset Tracking processing.
1 Introduction
Glacier are sensible to climatic conditions and good indica-
tors of climate variations, therefore global climate change ef-
fect is evident in the continuous dynamics of glaciers (Ben-
nett and Glasser, 2009; Cuffey and Paterson, 2010). Climate
change is associated to temperature and precipitation vari-
ations on the Earth and thus impacts on the snow accumu-
lation and melting on the surface of glaciers (Strozzi et al.,
2008). Establishing velocities of ice flow let us to understand
glacier dynamic in a certain environment (Ritter et al., 2006);
besides variability on this parameter may indicate a rapid
glacier ablation or an extraordinary glacier advance known
as surge (Raymond, 1987) .
Synthetic Aperture Radar (SAR) images have been suc-
cessfully used for the study of ice and glaciers particularly
applying DInSAR (Gray et al., 1998; Rignot et al., 1996;
Strozzi et al., 2002a) which allows generating displacement
maps with sub-centimeter theoretical accuracy. The applica-
tion of this technique is limited by the phase noise mainly
due, among other sources, to the temporal decorrelation. A
usual parameter to characterize the noise is the spatial coher-
ence. On the glacier surface, coherence is usually affected
by weather and flow characteristics, so it is clearly related to
the time difference between the acquisitions used to calculate
the interferograms. A possible cause of temporal decorrela-
tion is the proper glacier motion which is related to sudden
and rapid shifts between neighboring pixels. In this context,
the use of Offset Tracking with SAR images is an alternative
to DInSAR for inferring ice-surface velocity (Ciappa et al.,
2010; Derauw, 1999; Strozzi et al., 2002b). It is carried out
by using the SAR signal amplitude only, avoiding the neces-
sity of phase unwrapping, being it one of the most critical
steps when InSAR/DInSAR techniques are applied. Preci-
sion of the results is in this case directly related to the co-
registration errors which, depending on the used algorithm,
are between 1/20 to 1/30 of pixel size (Casu et al., 2011;
Strozzi et al., 2002b). By using scenes acquired by sensors
like ERS or ENVISAT, expected errors are in the order of 1 m
(Strozzi et al., 2002b). Considering the resolution of CSK
scenes, estimated errors are less than 10 cm, rendering the
appropriate precision for typical i e flow velocity character-
ization. An additional advantage of this methodology is that
it can estimate displacements in the direction of radar flight
(azimuth); one of the main restrictions of DInSAR.
The aim of this study is to demonstrate the advantages of
this technique by applying it to a high resolution CSK dataset
of the Viedma Glacier.
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Fig. 1. Viedma Glacier (Santa Cruz province, Argentina). Aster images acquired on February 2005 and 2010 show the area of interest. Area
illuminated by COSMO-SkyMed acquisitions is highlighted by square boxes. Yellow box indicates the area covered by the descending orbit
whereas blue box indicates that covered by the ascending one. Aster images source is http://terralook.cr.usgs.gov/.
2 Study area
Viedma Glacier is placed in Santa Cruz Province, Argen-
tine (49◦31′ S, 72◦59′ W). It is one of the main outlet glacier
of the Southern Patagonia Ice Field and the second largest
glacier in South America, covering an area of 945 km2
(Aniya et al., 1996). Figure 1 shows the area of interest. In
general, the Southern Patagonia Ice Field glaciers are tem-
perated glaciers characterized by a high rate of accumulation
and ablation. In-situ data, like precipitation, annual net ac-
cumulation or ice flow velocity are generally not available,
mainly due to the difficult access to the zone. Thus, the char-
acterization of glacier dynamics usually needs to be carried
out by using indirect techniques.
In particular, we focused on the Viedma glacier because
the knowledge of its behaviour is rather incomplete. Previ-
ous studies have been focused on the estimation of glacier
extents and its terminus changes (Aniya et al., 1996; Lopez
et al., 2010; Skvarca et al., 1995), but none of them have de-
termined ice velocity maps.
3 Data processing
The used datasets is composed by 14 SAR images acquired
by the Italian COSMO-SkyMed SAR (X band). Scenes were
acquired from April to June 2012 with a revisit time of 1
and 16 days (Table 1). These images have been acquired in
ascending and descending orbits, STRIPMAP mode with a
look angle of 31.99◦ and HH polarization. Images are com-
bined in pairs for processing. In this study, only tandem pairs
(one day difference time between acquisitions) have been
processed.
Table 1. COSMO-SkyMed available dataset.
Date Orbit
2012-04-28 Ascending
2012-04-29 Ascending
2012-05-14 Ascending
2012-05-15 Ascending
2012-06-15 Ascending
2012-06-16 Ascending
2012-04-30 Descending
2012-05-01 Descending
2012-05-16 Descending
2012-05-17 Descending
2012-06-01 Descending
2012-06-02 Descending
2012-06-17 Descending
2012-06-18 Descending
For estimating ice displacements maps, we employed the
Offset-Tracking technique. It relies on the use of a set of SLC
(Single Look Complex) SAR images organized in data pairs
and properly co-registered to have common reference geom-
etry. The co-registration step must be carried out very accu-
rately since it represents the main source of errors in deter-
mining displacement velocities from pixel offset estimation
(Casu et al., 2011; Wuite, 2006). Imprecisions in the esti-
mation of pixels offsets could completely mask out the real
displacements and the co-registration error vectors may even
exceed the displacement components for some data pairs
(Rosen et al., 2004). We tried different co-registration algo-
rithms but best results were obtained using a geometric co-
registration algorithm (Sansosti et al., 2006), which exploits
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Fig. 2. Interferogram computed between scenes acquired on 31 May 2012 and 16 June 2012 (16 days timespan). (a) interferometric coher-
ence. (b) wrapped interferogram. Loss of coherence is complete over the glacier.
precise orbit information and an external DEM of the inves-
tigated area to directly compute the co-registration offsets.
Next, a further fine registration for estimating the rela-
tive offsets between pixels is computed. Then residual off-
sets are converted to local displacements. This estimation is
computed by using the co-registration algorithm provided by
the Repeat Orbit Interferometry Package (ROI PAC) (Rosen
et al., 2004). The procedure is to choose a reference win-
dow in the master image according to a specified grid, and
compare it with a moving window in the co-registered slave
image. The correlation index is calculated for each position
of the window slave image. Local displacement is computed
as the difference between the master window position and the
corresponding correlation peak in the slave image. Main is-
sues in calculating the correlation surface are: (a) the absence
of common features in the searching window; (b) search
and/or reference window too small with respect to features
and (c) too important feature changes between acquisitions
(Wuite, 2006).
Pixel offset maps in range and azimuth directions are ob-
tained, which can be easily converted in surface displace-
ments. From them, vector maps can be generated which are
a useful way to show the magnitude and direction of the dis-
placements.
The technique has been used to extract the ice velocity vec-
tors for each pair of SAR images. It was tested with different
window dimensions (i.e. 50× 50, 100× 100 and 200× 200
pixels). These values must be chosen according to the ex-
pected movement in the glacier. Best results were obtained
with window of 100× 100 pixels in both range and azimuth
directions. Results have been calculated every 50 pixels in
range and azimuth for reducing computational cost. Taking
into account the pixel dimension (∼ 2.4 m in ground range
and ∼ 2.2 m in azimuth) those values correspond to a square
window of 240× 220 m, which is in agreement with the
displacement occurring on studied SPI glaciers (i.e. Perito
Moreno (Ciappa et al., 2010)).
It is important to remark than only a portion of the whole
dataset could be successfully used when DInSAR techniques
are applied. In general, it is possible to extract range displace-
ment maps from tandem pairs with DInSAR. However, the
availability of a huge dataset makes possible combining tan-
dem and not tandem pairs to extract displacement maps (i.e.,
1 and 16 days timespan pairs). In particular, reliable results
could not have been obtained from 16 days pairs by means of
DInSAR mainly due to phase noise in the glacier surface. As
an example we show in Fig. 2 the differential interferogram
computed between 31 May 2012 and 16 June 2012 (base-
line perpendicular is ∼ 94 m; baseline temporal is 16 days).
Fringes in the glacier snout are completely obscured by tem-
poral decorrelation phenomena.
4 Results
Despite Viedma is not an extensively studied glacier, we
expect a similar dynamic behaviour when compared with
neighbouring ones, and so it can be considered relevant as
a study area. The examples analysed here include two pairs
of scenes acquired during 15–16 June 2012 (ascending pass)
and 17–18 June 2012 (descending pass). Figure 3 shows ice
flow velocity component maps in range (ground projected)
and azimuth directions computed from the ascending pair.
Due to changes in the relative orientation between ice flow
and SAR orbit, range and azimuth components of the veloc-
ity take positive or negative values in different regions within
the glacier, as evidenced in Fig. 3. Velocity range and az-
imuth components clearly show alternating maximums and
minimums, highlighted with arrows in Fig. 3. High range
www.adv-geosci.net/35/7/2013/ Adv. Geosci., 35, 7–13, 2013
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Fig. 3. Offset field in range direction (a) and azimuth direction (b) computed from ascending COSMO-SkyMed SAR images of 15 June 2012
and 16 June 2012.
Fig. 4. Amplitude image corresponding to the scene acquired on
15 June 2012 ascending pass. Some reference points have been
identified by using coloured stars. Dashed square boxes indicate the
areas over the Viedma glacier that have been analysed.
velocity areas are coincident with low azimuth velocity ar-
eas and vice versa. The reason for this behaviour becomes
clear by observing the amplitude image in Fig. 4, in which
the ice flow sinuous nature is evidenced by the ash band and
the medial moraines (light and dark flow lines within the ice).
For better understanding the flow nature it is useful to
compute the actual velocity modulus and direction instead of
analysing the components separately. Figures 5 and 6 show
the vector representation of ice flow velocity in both ascend-
ing and descending passes.
We focused the attention in three different areas denoted
in Fig. 4 by using square boxes:
a. Area I. Tributaries of Viedma glacier have different ori-
gins. Main streams originate near Cerro Lautaro (North-
West) and at the ice divide of the Upsala glacier’s tribu-
taries (South-West), see Fig. 4. Area I corresponds to the
zone where both main tributaries of Viedma glacier get
together. Figures 5b and 6b show the assessment for ice
velocity from ascending and descending pass respec-
tively, which are in the order of ∼ 0.4 to ∼ 1.1 m day−1.
Note how the direction of the computed velocity vectors
follows the flow lines of both tributaries converging into
a common flow line in the central part of the glacier.
b. Area II. Central part of the glacier. Velocity vectors
are in very good agreement with the flow lines evi-
denced by glacier features like medial moraines. Area
of maximum velocity is located at the intersection of the
glacier with an imaginary straight line between Cerro
Huemul and Cerro Puntudo, see Fig. 4. Location is
consistent in ascending and descending pass results,
as can be seen in Figs. 5c and 6c, respectively. How-
ever, velocity computed from ascending and descend-
ing pass scenes reach ∼ 1.4 m day−1 and ∼ 2 m day−1
respectively. The keys for explaining this observations
could be: (1) acquisitions are made in different days,
(2) acquisitions are made in different hours: ascending
pass at 08:45 (HH:MM local time), descending pass at
18:45 (HH:MM local time), (3) a simplification in the
slant range to ground range velocity component con-
version, consistent in not using the true incidence angle
which varies between ascending and descending passes.
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Fig. 5. Ice velocity field computed by Offset Tracking from COSMO-SkyMed ascending tandem pairs (15–16 June 2012). (a) shows the area
indicated by the blue box in Fig. 1 and (b–d) are parts of the ice velocity map corresponding to the areas indicated in Fig. 4. (Note that the
color bars are different.)
c. Area III. Glacier terminus. Figures 5d and 6d show the
results for ascending and descending pass respectively,
where very high velocities are observed in the termi-
nus, both in Lago Viedma and Laguna Viedma, reach-
ing ∼ 3 m day−1. According to Skvarca et al. (1995);
White and Copland (2013) Viedma glacier retreated sig-
nificantly between 1981 to late 2000. To the best of
our knowledge, no more recent studies were published
about the glacier’s extension, retreating or flow velocity.
Our observation of high velocity in the terminus could
be an evidence of rapid retreating still on-going nowa-
days.
5 Conclusions
We demonstrated how using a high resolution SAR sensor
allows characterizing Viedma glacier velocity field with a
relatively high accuracy level. We remark that this study is
the first in its type carried out over this glacier. Future work
will be oriented to understanding if the partial disagreement
between ascending and descending pass results is associated
to processing issues or glacier behaviour, as suggested in the
previous section. Processing more data pairs will allow us to
characterize temporal velocity evolution and 3-D displace-
ment vectors.
Both high geometric resolution and short revisit time ren-
der the constellation of X-band SAR COSMO-SkyMed satel-
lites a useful source of information for investigating the
glacier dynamics. In particular, the study of small glaciers
like those located in the Central Andes could benefit from
its resolution and accuracy. We remark that this field was
not very exploited in the past due to the relatively low res-
olution of the previously available SAR sensors. Further-
more, the application of Offset tracking technique is rela-
tively straightforward, fast and economical if compared to
traditional methods of glacier monitoring like GPS or stakes.
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Fig. 6. Ice velocity field computed by Offset Tracking from COSMO-SkyMed descending tandem pairs (17–18 June 2012). (a) shows the
area indicated by the yellow box in Fig. 1 and (b–d) are parts of the ice velocity map corresponding to the areas indicated in Fig. 4. (Note
that the color bars are different.)
Although this technique is known worldwide, it has not been
widely applied in South American glaciers. This fact is rel-
evant for climate studies of the Patagonian Andes where ac-
cess to the main glaciers is very difficult.
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